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Abstract. We review our recent X-ray scattering stud-
ies of charge and orbital order in doped manganites, with
specific emphasis on the role of orbital correlations in
Pr;_,Ca,MnOj;. For x = 0.25, we find an orbital structure in-
distinguishable from the undoped structure and long-range
orbital order at low temperatures. For dopings 0.3 <x < 0.5,
we find scattering consistent with a charge and orbitally
ordered CE-type structure. While in each case the charge
order peaks are resolution limited, the orbital order exhibits
only short-range correlations. We report the doping depen-
dence of the correlation length and discuss the connection
between the orbital correlations and the finite magnetic corre-
lation length observed on the Mn3* sublattice with neutron-
scattering techniques. The physical origin of these domains,
which appear to be isotropic, remains unclear. We find that
weak orbital correlations persist well above the phase transi-
tion, with a correlation length of 1-2 lattice constants at high
temperatures. Significantly, we observe similar correlations at
high temperatures in Laj;Cap3MnQOj3, which does not have
an orbitally ordered ground state, and we conclude that such
correlations are robust to variations in the relative strength of
the electron—phonon coupling.

PACS: 71.28.+d; 71.38.-k; 78.70.Ck

The strongly correlated transition metal oxides are charac-
terized by a wide diversity of ground states, ranging from
antiferromagnetic to ferromagnetic and from insulating to
superconducting. Further, in many cases transitions between
these disparate ground states can be driven by apparently
small changes in some parameter, such as the chemical dop-
ing or temperature. The origin of this dramatic sensitivity is
believed to lie in the fact that no single degree of freedom
dominates the response, but rather a number of degrees of
freedom may be active. These can include the spin, charge,
lattice and orbital degrees of freedom. The ground state is
then determined by the interplay between the competing in-
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terests of the relevant degrees of freedom. However, despite
this qualitative understanding, a complete description of the
electronic behavior in transition metal oxides has proved elu-
sive. Elucidating this behavior remains one of the central
goals in condensed matter physics today.

The perovskite manganites provide an especially illumi-
nating example of this interplay among the various interac-
tions, since in these materials all the degrees of freedom are
active and the balance between them may be conveniently al-
tered (see, e.g., [1]). As a result, much work has been done
to understand their magnetic ground states and lattice distor-
tions, dating back to the early work in the 1950s [2, 3]. How-
ever, less is known about the roles of charge and orbital order
in these materials. The classic work of Goodenough [4] has
nevertheless served as a guide to their ordered arrangements,
as supplemented, for example, by detailed measurements of
the crystal structure and of the temperature dependence of the
lattice constants (see [5, 6], for example).

This situation has changed during the last two years, fol-
lowing the detection of orbital and charge order by resonant
X-ray scattering techniques [7—32]. Specifically, it has been
found that the sensitivity of X-ray scattering to these struc-
tures can be significantly enhanced by tuning the incident
X-ray energy to the transition metal K-absorption edge. Thus,
it appears possible to characterize the orbital and charge or-
dering on a microscopic scale, and to study their response to
temperature changes or to an applied magnetic field. As far as
we are aware, resonant X-ray scattering studies of these mate-
rials have now been extended to include Lag 5Sr; sMnO4 [7],
LaMnOs; [8], La;_,Sr,MnOs [12,14], Pr;_,Ca,MnOs; [15,
16], V,03 [17], YTiO3 [18], LaTiO3 [19], LaSr,Mn, 05 [20],
DyB,C; [21,22], NaV,0s [23], LaVO; [24], Fes;O4 [25],
La;_,Sri4yMnOy4 [26],  UPd3 [27], CeBg¢ [28] and
Ndg.5S19sMnOj3 [29,30], and this list continues to grow.

In this paper, we review our recent X-ray scattering stud-
ies of Prj_,Ca,MnOs; (PCMO) with x =0.25, 0.3, 0.4 and
0.5. Further, the x = 0.3 results are compared with those
of Lag7Cap3MnO3; (LCMO system). For PCMO, detailed
studies have been made of the temperature dependence of
the orbital and charge order scattering. For x = 0.3, 0.4 and
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0.5, below a doping-dependent ordering temperature Tco, the
diffraction pattern is found to be consistent with the CE-type
charge and orbitally ordered structure. Surprisingly, our stud-
ies reveal that long-range orbital order is never established in
these samples, although long-range charge order is observed
in each case. In contrast, for x = 0.25 we observe only long-
range orbital order, consistent with the undoped structure and
with no indication of any charge ordering. Portions of this
work have been published elsewhere [16, 17,34].

1 Experiment

The PCMO crystals used in the present experiments were
grown using floating-zone techniques at JRCAT. (0,1,0) sur-
faces were cut from cylinders of radius 3 mm and polished
with fine emery paper and diamond paste. The mosaic widths
of the samples as characterized at the (0,2,0) bulk Bragg
reflections (in orthorhombic Pbnm notation) were typically
~(0.2° (FWHM). These values varied by small amounts
as the beam was moved across the surface of each crys-
tal, reflecting its mosaic distribution. The growth techniques
and basic transport properties of these crystals have been
described in detail elsewhere [34—36]. The LCMO sample
was grown using floating-zone techniques at Bell Labora-
tories and had a similar mosaic. It was fully twinned with
a (110)/(002) surface normal. For convenience, we adopt
the (110) indexing of the surface-normal throughout this pa-
per [33].

The X-ray scattering experiments were carried out at the
National Synchrotron Light Source on beamline X22C, and
at the Advanced Photon Source, beamline 9IDB, CMC-CAT.
X22C is equipped with a bent, toroidal focusing mirror and
a Ge(111) double crystal monochromator arranged in a verti-
cal scattering geometry. The optics for 9IDB were comprised
of a double-crystal Si(111) monochromator and a flat har-
monic rejection mirror. A Ge(111) analyzer crystal was em-
ployed in the low-temperature experiments, and a Gr(002)
analyzer for the high-temperature work. All data were taken
with the incident X-ray energy in the vicinity of the Mn K-
edge resonance at E = 6.555¢eV.

2 Phase behavior of the PCMO system

At room temperature, the crystal structure of PCMO is ortho-
rhombic (Pbnm). Characteristic of the perovskite manganites,
each Mn atom lies at the center of the octahedron defined by
the oxygen atoms at the corners. Single layers of Pr atoms lie
between the layers of octahedra. A schematic phase diagram
for PCMO versus Ca concentration and temperature [5, 35] is
shown in Fig. 1. For small x (0.15 < x <0.3) and at low tem-
peratures, PCMO is a ferromagnetic insulator and is believed
to exhibit an in plane (a — b) orbitally ordered ground state
analogous to that observed in LaMnO3. The electronic config-
uration of the Mn3* (d*) ions is (tg’g, eg1) with the £, electrons
localized at the Mn sites. The e, electrons are hybridized
with the oxygen 2p orbitals and are believed to participate
in a cooperative Jahn—Teller distortion of the MnOg octahe-
dra [5]. This leads to a (3x* —r?)—(3y* — r?)-type of orbital
order of the e, electrons in the a — b plane with the oxygens
displaced along the direction of extension of the eg orbitals.
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Fig. 1. Composition—temperature phase diagram of Pr;_,Ca,MnO3 (PCMO)
in zero magnetic field (following [S]). The solid lines indicate the
charge/orbital transition temperature (7oo/co); antiferromagnetic transi-
tions (7n) are marked with dashed lines and ferromagnetic transitions (7¢)
with dotted lines. The two insets represent schematics of the in-plane or-
bital and charge ordered structures. Only Mn ions are represented. The
elongated shapes represent 3z% —r? orbitals on Mn>* sites. The circles
represent Mn* sites

A schematic of this orbitally ordered state for x = 0.25 is
shown in Fig. 1. The excess Mn** ions in this material are
believed to be disordered; however, recently other proposals
have been put forward [37-40]. To date, however, we have
found no evidence of such ordering. The orbital period is
twice that of the fundamental Mn spacing, so that orbital scat-
tering appears at structurally forbidden reflections. In ortho-
rhombic notation, for which the fundamental Bragg peaks
occur at (0,2k,0), the orbital scattering then occurs at (0,k,0).

For Ca concentrations 0.3 < x < 0.7, PCMO becomes
an antiferromagnetic insulator at low temperatures and ex-
hibits colossal magnetoresistance in applied magnetic fields,
with the metal-insulator transition occurring between 5 and
8 T [35]. The insulating phase is accompanied by charge or-
dering among the Mn** and Mn** ions, and orbital ordering
of the e, electrons on the Mn3+ sites. The large conductivity
results from a delocalization of these e, electrons and the de-
struction of the charge and orbital order. The fraction of Mn
ions in the Mn*" state is determined largely by the concentra-
tion of Ca ions. Thus, by varying the Ca concentration, it is
possible to move from a ground state with orbital order and no
charge order to one in which both charge and orbital order are
observed. The proposed ground state [5] for the 0.3 <x < 0.7
concentrations is shown in Fig. 1. Note that the same structure
was proposed for this entire region [5]. Clearly, for x # 0.5,
this picture cannot be strictly correct. Jirak et al. [5] proposed
that the extra electrons present for x < 0.5 could be accom-
modated in such a structure by a partial occupancy of the
3z% —r? orbitals of the nominal Mn** sites. Other possibili-



ties include small Mn3*-rich regions, higher-order structures,
or small regions of orbital disorder. As discussed below, our
data reveal that, in fact, the orbital order is not long-range
in these compounds, although the charge order is. In the
orthorhombic notation, the charge-order reflections occur at
(0,2k + 1,0) and the orbital order reflections at (0,k 4+ 1/2,0).
Note that the orbital period (= 2b) in the x = 0.4 and 0.5 com-
pounds differs from that occurring in samples with x < 0.3
(= b), as a result of the presence of charge ordering.

The magnetic structure of these compounds at low dop-
ing (0.15 < x <0.3) is ferromagnetic with T¢c ~ 140 K. Com-
pounds with higher doping (0.3 < x < 0.75) are CE-type anti-
ferromagnets with 7y = 170 K for x between 0.4 and 0.5 [5].

3 Low-temperature correlations

High-resolution longitudinal scans through the Bragg, charge
and orbital ordering peaks of the x = 0.4 and 0.5 samples
are superimposed on each other for comparison in Fig. 2 a,b.
These data were obtained at low temperatures (10 K) in the
ordered phase using a Ge(111) analyzer. Solid lines indicate
the results of scans through the (0,2,0) Bragg peaks; open cir-
cles indicate scans through (0,2.5,0) orbital peaks; and filled
circles give the results obtained for the (0,3,0) and (0,1,0) re-
flections of the charge ordered peaks of the x = 0.4 and 0.5
samples, respectively. It is clear from the figure that the Bragg
and charge ordered peaks have similar widths, approximately
corresponding to the momentum-transfer resolution at each
Q. This implies that the correlation lengths of the structure
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Fig. 2. a Longitudinal scans of the Bragg (0,2,0), the charge (0,1,0), and the
orbital (0,2.5,0) reflections of the x = 0.4 sample at T = 8 K. The secondary
peaks to the right of the charge order and Bragg reflections arise from struc-
tural twins. b The same for the x = 0.5 sample. Data have been normalized
to the same peak intensity to facilitate comparison
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and of the charge order are each at least 2000 A for both the
x = 0.4 and the x = 0.5 samples. The small differences in
width between the structural and charge order peaks proba-
bly reflect the Q-dependence of the resolution function. In
contrast, the orbital ordering peaks in both samples are sig-
nificantly broader than the resolution, implying much smaller
orbital domain sizes. We find similar behavior in x = 0.3
samples.

In order to extract longitudinal correlation lengths for the
orbital order peaks, we fit these data to a Lorentzian-squared
lineshape, convolved with a Lorentzian-squared resolution
function — the latter being determined by fits to the (0,2,0)
structural Bragg peak. This lineshape was chosen based sim-
ply on the quality of the fit, there is no theoretical justification
for it. However, without an analytical form for the correlation
function, we are forced to choose a definition for the correla-
tion length, £. We take the simplest choice, & = 1/ Ak, where
Ak is the HWHM of the Lorentzian-squared. This definition
is somewhat generic — given a particular form for the corre-
lation function, and thus an appropriate lineshape, the actual
correlation length of that model may differ slightly from those
quoted here. However, it is unlikely to significantly change
the results, and in the absence of such a description, we be-
lieve that this definition provides a reasonable empirical char-
acterization of the orbital domain state.

At low temperatures, we find &(x = 0.3, sample I, the
“disk” sample) = 60£10 A, §(x = 0.3, sample II, the “otomb-
stone” sample) = 170£20 A, &(x = 0.4) =320+10A and
E(x=0.5)= 16010 A. (Note, the two x = 0.3 samples had
similar mosaics and the same reflections were studied. The
origin of the differences in the orbital correlations lengths is
not clear.) It is important to emphasize that the associated
charge order of the CE charge and orbitally ordered state does
exhibit significantly longer-range correlations (>2000 A) in
each case. Thus these results indicate that for these sam-
ples an orbital glass-like state exists on a well-ordered lattice
of charge order. In regard to the concentration dependence
of these results, in an earlier publication [14] we noted that
E(x =0.5) < &(x = 0.4), despite the fact that the x = 0.4 sam-
ple did not have “enough” Mn** sites to form the ideal struc-
ture. We then speculated that the shorter correlation length in
the x = 0.5 structure resulted from the fact that this sample
was closer to tetragonality and that therefore domain walls
which switched a and b axes were more likely. However,
the new x = 0.3 results do not follow the trend of longer or-
bital correlation lengths for more tetragonal samples. This
suggests some other mechanism is controlling the correlation
length. We return to this point below.

The discovery of an orbital domain state sheds light on
recent neutron-diffraction studies of Pro 5CagsMnO3 [41,42],
and powdered Lag 5CapsMnOs3 [6]. In the PCMO (x = 0.5)
it was shown that the magnetic correlation length was fi-
nite. In LagsCagsMnOs3, which also exhibits the CE-type
magnetic structure with orbital and charge order [6], sep-
arate magnetic correlation lengths were extracted for the
Mn3** and Mn** magnetic sublattices, with the remarkable
result that they were quite different: £ fg =1250—450 A and
éffg >2000 A, respectively. The authors proposed antiphase
domain walls composed of “mis-oriented” eg orbitals to ex-
plain the magnetic disorder of the Mn3* sublattice. Randomly
spaced, domain walls of this type would break the orbital
coherence but preserve the charge order coherence (Fig. 3).
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Further, as realized in [6], these domain walls affect the mag-
netic correlations on the Mn** and Mn** sublattice differ-
ently. This is illustrated in Fig. 3, in which the signs at each
site denote the spin direction at that site. The ideal CE-type
charge and orbitally ordered antiferromagnetic structure is
shown in Fig. 3a, together with various possible domain walls
(Fig. 3b—e). Figure 3b corresponds to the domain wall pro-
posed in [6] with an orbital phase shift running perpendicular
to the orbital propagation vector. Inspection of Fig. 3b reveals
that the magnetic coherence on the Mn>* sublattice is broken
by this domain wall, while the Mn** sublattice remains un-
affected. Such orbital domain walls would therefore explain
the observed magnetic neutron-diffraction data. Our obser-
vation of orbital correlation lengths of similar values to the
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Mn3* magnetic correlations strongly suggests that Radaelli
et al. [6] were correct in their speculation and that we have
observed these antiphase domains directly in PCMO. Note
that these domains are believed to be static and do not cor-
respond to the (dynamic) orbital fluctuations inferred from
magnetic neutron-diffraction investigations of the ferromag-
netic spin fluctuations in PCMO, which disappear below
T~ [41].

If all of the domain walls were of the type shown
in Fig. 3b, however, then the orbital coherency would only be
broken in one direction and very anisotropic domains would
be observed. To look for such anisotropy, we measured the
correlation lengths in the other two directions, i.e. perpen-
dicular to b*, the orbital propagation direction. These meas-
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Fig. 3. a—e Schematic of the CE-type charge and orbitally ordered antiferromagnetic state and possible domain walls. Signs indicate spin components at each
Mn site. a Ideal structure. b—e Various domain walls which preserve the charge order but not the orbital coherence. Domain walls in b and ¢ preserve the
orbital propagation vector (0,0.5,0), and those in d and e rotate it by 90 °. Note that in each case the magnetic coherence of the Mn** sublattice has been
broken, relative to a, but not that of the Mn** sublattice. The solid lines outline ferromagnetic stripes in these structures. In each case, the b crystallographic

axis runs vertically, the a axis horizontally
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Fig.4. Scans through the (0,2.5,0) orbital reflection in Prg;Cag3MnO3,
sample I, along each of the three orthorhombic axes in reciprocal space. The
correlation lengths quoted in the panel were extracted from fits to the data,
as discussed in the text

urements were carried out on the x = 0.3 sample I, the “disk”
sample, with a Ge(111) analyzer and are shown in Fig. 4. We
find that the orbital domains in this sample are approximately
isotropic, with slightly reduced correlation lengths in the two
transverse directions, of £ = 36 A and &, = 46 A along the
H and L directions respectively. (Note that these two cor-
relation lengths correspond to widths significantly broader
than the resolutions in these two directions, which are deter-
mined by the sample mosaic and the out-of-plane collimation,
respectively. Thus no correction for resolution effects was
made.) These results indicate the presence of domain walls,
other than those of Fig. 3b, that run in other directions and
which disrupt only the orbital correlations.

Before discussing this further, we point out that it ap-
pears that this orbital glass-like state is common in man-
ganites with the CE-type charge and orbital structure —
we have observed it in all PCMO samples studied; the
Lags5CagsMnO3 neutron-diffraction data indicate that it is
also present in this compound [6], and very recent X-ray work
on (La,Pr;_y);_Ca,MnOs revealed the presence of a similar
orbital glass/charge ordered state in that system as well [42].
Finally, in Lag ¢7Cag33MnQO3 an incommensurate state is ob-
served. The incommensurability is believed to be the result
of an ordered array of domain walls (discommensurations)
breaking the coherence of an otherwise commensurate CE-
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type structure. The spacing of these domain walls can be
obtained from the incommensurability and is 200 A.

In each of these cases, orbital domain walls spaced by
a few hundred Angstroms are observed in an ordered array
of Mn**+ and Mn** sites. It is interesting to consider the un-
derlying energetics that might determine this length scale.
There are a number of different contributions to the cohesive
energy of the CE state shown in Fig. 3a (in the third dimen-
sion, an identical charge and orbitally ordered layer is stacked
on top of the one shown in Fig. 3a, with all the spins re-
versed) [4,44,45]. The first of these is the magnetic bonds,
both ferromagnetic and antiferromagnetic, resulting from the
presence or absence of occupied orbitals between the various
Mn sites, and mediated by the oxygens [4]. In the antiferro-
magnetic state shown in Fig. 3a, all these are satisfied, that is,
none of the bonds are frustrated. A second contribution is the
Coulomb energy of the Mn charges. This is minimized by the
in-plane charge ordered lattice shown. Third, the CE structure
contains a series of ferromagnetic zig-zag stripes oppositely
aligned and running through the a — b plane (Fig. 3a). The e,
electrons are free to hop along these zig-zags as in the case
of a double-exchange-like ferromagnet. This allows them to
increase their kinetic energy in this antiferromagnetic insulat-
ing state. Finally there is the electronic energy gain associated
with the local Jahn—Teller distortion around each Mn** which
removes the degeneracy of the 3z2 — 2 and x> — y? orbitals
(so-called “non-cooperative phonons” [44]) and the gain in
energy associated with the orbital coherency which results
from the fact that neighboring Mn sites share oxygens (“co-
operative phonons” [44]). These last two come at the expense
of lattice energy resulting from the associated oxygen motion.

In Fig. 3b—e, we compare possible domain walls in the a —
b plane that break the orbital order coherence, but preserve
the charge order coherence. The first thing to note is that in
each case all the magnetic bonds are satisfied, that is, there
is no magnetic frustration introduced by these domain walls.
Secondly, in each case, the magnetic coherence of the Mn**+
lattice is left undisturbed, while that on the Mn3" is broken.
In the first two (Fig. 3 b,c) the orbital coherence is broken
along the b and a directions respectively, but in each case the
propagation vector is left unchanged — along b. In the second
two cases (Fig. 3 d,e) the orbital correlations are again bro-
ken along the b and a directions, respectively. However, in
these cases, the propagation vector is rotated by 90° across the
domain wall.

In light of the energy considerations discussed above, we
see that the domain walls of the type shown in Fig. 3b cost
very little energy. They do not break any magnetic bonds, and
preserve the ferromagnetic zig-zag stripes, simply adding an
extra straight section to one of the “zigs” (though there is
an energy cost, relative to the ground state, associated with
straight lines of 1D ferromagnetism [44]). The charge order
coherence is not disturbed, so there is no Coulomb price to
pay relative to the ground state and there are the same num-
ber of local distortions as there are in the ideal structure. The
principal cost, then, relative to the ideal structure is due to
the fact that along the domain wall the oxygen motions are
not cooperative. Similar arguments can be made about the do-
main walls shown in Fig. 3c. For Fig. 3 d,e, the argument is
slightly different, since in each case, in addition to the energy
cost of the domain wall itself, there is also some energy cost
associated with the part of the sample that has the “wrong”
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orientation of the propagation vector, i.e. along a local a axis.
For PCMO, x = 0.5, however, the difference between a and
b is very small [42], and thus the energy cost might also be
expected to be small.

If the orbital twins shown in Fig. 3 d,e coincide with struc-
tural twins — that is the a and b crystallographic axes are
also interchanged across these walls — then we can rule out
these domain walls as limiting the orbital correlations. This is
because the structural coherence, as measured at the (0,2,0)
reflection, would also be limited by such domain walls, and
yet, as we have seen, it exhibits significantly longer correla-
tions than those of the orbital peaks (Fig. 2). However, if such
orbital twins exist in a single crystallographic domain, then
they would have the desired properties of limiting the orbital
coherence, but leaving the charge order and structural coher-
ence unchanged.

The experimental signature of such orbital twins would
be a (0.5,0,0)-type orbital peak in a single crystallographic
domain sample. In a crystallographically twinned sample, it
would be difficult to distinguish such peaks from a (0,0.5,0)-
type peak associated with an a axis crystallographic twin.
However, in PCMO x = 0.3 (the “tombstone” sample), we
were able to clearly resolve the (2,0,0) and (0,2,0) reflections,
along the nominal (0,k,0) direction, from a and b twins. In this
sample, in addition to the (0,0.5,0)-type peaks associated with
the b-axis twin, we also observed (0.5,0,0)-type peaks associ-
ated with the a-axis twin. Such peaks are consistent with the
presence of orbital domains of the type shown in Fig. 3d,e in
a single crystallographic domain and are inconsistent with the
ideal structure or with orbital domain walls of the type shown
in Fig. 3b,c, which do not affect the propagation vector.

The question remains, however, what sets the length scale
for the domain wall separation? That is, what is the energy
gain associated with the insertion of domain walls? One pos-
sibility is that there is an impurity potential arising from the
presence of Ca ions in the structure. Local fluctuations in the
concentration could pin the orbital order on a particular sub-
lattice and introduce domain walls of the type shown in Fig. 3.
While such a scenario is hard to rule out, it does not naturally
explain the few-hundred-Angstrom domain size observed. In
addition, the Pr and Ca ions are extremely similar in size —
Pr3* is 1.126 A and Ca%* is 1.12 A, so any local strains from
dopants are expected to be minimal [46].

A second possibility arises from the fact that with the for-
mation of the CE charge and orbitally ordered state, comes
a significant change in the lattice constants, which dramati-
cally increases the orthorhombicity. Thus, if each crystallo-
graphic domain were to be a single orbital domain, it would
have to accommodate a significant strain associated with the
increase in a and b lattice constants. However, if it were to
break up into a number of orbital domains with propagation
vectors in each of the three directions (i.e. domain walls of
type in Fig. 3 d,e, together with a third in the out-of-plane di-
rection), then the strain would be minimized in that volume. It
may be that balancing the build-up of strain energy associated
with the orbital order with the energy cost of domain walls
of this type is what is determining the few-hundred-Angstrom
domain size [47]. Testing this hypothesis will require detailed
energy calculations for the CE charge and orbitally ordered
state, the cost of the domain wall and the build up of the long-
range strain. It is hoped that these speculations will prompt
such calculations
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Fig. 5. Reciprocal space scans along H, with Lorentzian-squared fits (line),
in Lag7Cap3MnO3. Data were measured at temperatures of 260 K (open)
and 220K (closed). The peaks at (1.67,2,0) and (1.5,2.13,0) arise from
powder lines and were excluded from the fits. Inset shows temperature de-
pendence of scattering intensity at (1.5,2,0) (open) and (1.3,2,0) (closed).
Note that spurious points at temperatures between 270 and 275 K coincided
with a beam dump

4 High-temperature correlations

We now turn our attention to a discussion of the high-
temperature correlations, i.e. those observed well above
the phase transition. We will compare the correlations ob-
served in two manganites that have very different ground
states, specifically the PCMO x = 0.3 (“tombstone”) sam-
ple and Lap7Cap3MnO; (LCMO). These are isostructural
compounds, both exhibiting Pbnm symmetry with the same
formal valence on the Mn site. The only difference between
the two is the size of the rare-earth ion: La is about 3% bigger
than Pr. This has the effect of decreasing the distortion of the
Mn-O-Mn bond angles, bringing it closer to the ideal 180°
in the LCMO compound, thus increasing the electronic band-
width and the elastic modulus. Both these effects decrease
the relative strength of the electron—phonon coupling [48—
50], and as a result, LCMO does not charge and orbitally
order, but rather undergoes a transition from an insulating
state into a metallic ferromagnetic state below T, =252K.
By comparing the correlations observed well above the re-
spective phase transitions of these two x = 0.3 manganites,
we aim to shed light on the role of the relative strength of the
electron—phonon coupling.

We begin with the Lag7Cag3MnO3 sample. At tempera-
tures above the metal—insulator transition temperature, broad
peaks with ordering wavevectors of (0.5 0 0) and (0 0.5 0) and
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peak intensities of ~ 20 counts/s (on beamline X22C at the
NSLS) were observed. Note that twinning of the sample and
the width of the diffuse peaks make it impossible to determine
whether or not there is a unique ordering wavevector; how-
ever, these wavevectors are consistent with the peaks arising
from orbital correlations of the CE-type structure. Represen-
tative scans at two temperatures, 260 K and 220 K, are shown
in Fig. 5. As the sample was cooled through the transition
temperature into the ferromagnetic metallic phase, the peaks
abruptly decreased in intensity (see inset to Fig. 5).

Scans were performed along both H and K directions
in reciprocal space, and the resulting data fit to Lorentzian-
squared lineshapes, as outlined above. The correlation lengths
obtained in this manner were found to be temperature in-
dependent and approximately isotropic, with a magnitude of
1-2 lattice constants in both directions. The temperature de-
pendence of the fitted values from the H scans are shown
in Fig. 6, in which the temperature is recorded as a reduced
temperature t = (T — Tp)/T,.

The temperature dependence of the orbital correlations
observed in x = 0.3 PCMO are also shown in Fig. 6, again
as a function of reduced temperature, where in this case T}, is
replaced by Tco = 200K. On warming from below the tran-
sition, the HWHM for the PCMO sample is observed to in-
crease rapidly above the transition. However, this broadening
does not continue indefinitely, rather the HWHM is observed
to saturate around 40 K above T¢o. Significantly, the value
that it saturates at is the same as that observed in the LCMO,
and again corresponds to 1-2 lattice constants.

Thus in these two dissimilar manganites we find very
similar high-temperature correlations. Specifically, they have
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Fig.7. Schematic of the proposed structure of the observed high-
temperature correlations, in the a — b plane. Open circles represent Mn*+
ions; elongated figure-of-eights represent the occupied ey (3d>_,>) orbital
of Mn?t ions; solid circles represent Mn ions that, on average, have the

formal valence and no net orbital order; and arrows indicate the in-plane
component of the magnetic moment

the same wavevector, size and temperature dependence (at
least, far from the phase transition where the intensity in
each case increases as the samples are cooled). We sug-
gest that because the same correlations are observed in such
different manganite systems, they must be robust to varia-
tions in the relative strength of the electron—phonon coupling
and are therefore likely to be common to a large class of
manganites. This in turn suggests that there may be some-
thing fundamental about these correlations that makes them
particularly stable. We further speculate that these correla-
tions are in fact small regions of orbital order, as shown
in Fig. 7 [33]. A similar picture has been proposed previ-
ously [51].

There are a number of pieces of evidence that support this
conclusion. First, the wavevector of the scattering is consis-
tent with such a structure (and inconsistent with other pos-
sible descriptions, including so-called orbital polarons [38,
39]). Second, these correlations are observed to evolve con-
tinuously into the ordered CE structure in the x = 0.3 PCMO
case. Third, the magnetic interactions within this small piece
are all ferromagnetic. Thus, this picture of the orbital correla-
tions is consistent with the neutron-scattering observation of
ferromagnetic fluctuations in PCMO above Tco [41]. The fact
that they are ferromagnetic also serves to make them particu-
larly robust, since this lessens the energy cost associated with
localizing the electrons.

There are a number of possible descriptions that could
be applied to these correlations. One could term them bipo-
larons to emphasize the fact that they represent a pairing of
two polaronic distortions around each Mn** site. An alterna-
tive label would be ferromagnetic zig-zags to emphasize the
connection with the ordered CE-type structure. Finally, one
could refer to them as ferromagnetic clusters — to draw par-
allels with the phase separation picture of the metal-insulator
transition in the manganites. More experiments are required
to determine which of these labels, if any, is the more ap-
propriate. For example, investigating the doping dependence,
applying a magnetic field or going to yet higher tempera-
tures would shed light on the stability of these correlations
against various perturbations and thus help elucidate their
nature.
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5 Summary

We have used X-ray scattering techniques to study the or-
bital correlations in a number of doped manganites. In the
PCMO series, for x = (0.25, we find a ground state with long-
range orbital order and no evidence for charge order. For
0.3 <x <0.5, for which the low-temperature ground state is
the charge and orbitally ordered CE-type antiferromagnetic
structure, the orbital correlations do not develop long-range
order, but rather form a domain state. These correlations are
approximately isotropic, and domain sizes are on the order
of a few hundred Angstroms. In contrast, the charge ordering
in this structure does exhibit long-range order. The evidence
suggests that orbital domain walls are a common feature of
the CE-type manganites; however, there is as yet no theoret-
ical understanding of their origin.

In addition, we have studied the correlations observed at
very high temperatures, well above the phase transition. Here,
we observe short-range orbital correlations of 1-2 lattice con-
stants in extent. Further, similar correlations are observed in
two very different manganites, PCMO (x = 0.3) and LCMO
(x = 0.3), which have antiferromagnetic, charge and orbitally
ordered insulating, and ferromagnetic metallic ground states,
respectively. We suggest that the presence of similar correla-
tions in such dissimilar manganites demonstrates the robust-
ness of these correlations to changes in the relative strength of
the electron—phonon coupling, and we present an intuitively
appealing description of these correlations.
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